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Editor: D. BarceloSoil is a signiﬁcant source of CO2 emission to the atmosphere, and this process is accelerating at high latitudes due
to rapidly changing climates. To investigate the sensitivity of soil CO2 emissions to high temporal frequency var-
iations in climate, we performed continuous monitoring of soil CO2 efﬂux using Forced Diffusion (FD) chambers
at half-hour intervals, across three representative Alaskan soil cover types with underlying permafrost. These
siteswere established during the growing season of 2015, on the Seward Peninsula of western Alaska. Our cham-
ber system is conceptually similar to a dynamic chamber, though FD is more durable and water-resistant and
consumes less power, lending itself to remote deployments. We ﬁrst conducted methodological tests, testing
different frequencies of measurement, and did not observe a signiﬁcant difference between collecting data at
30-min and 10-min measurement intervals (averaged half-hourly) (p b 0.001).
Temperature and thaw depth, meanwhile, are important parameters in inﬂuencing soil carbon emission. At the
study sites, we observed cumulative soil CO2 emissions of 62.0, 126.3, and 133.5 gCm−2 for the growing period,
in sphagnum, lichen, and tussock, respectively, corresponding to 83.8, 63.7, and 79.6% of annual carbon emis-
sions. Growing season soil carbon emissions extrapolated over the region equated to 0.17 ± 0.06 MgC over the
measurement period. Thiswas 47%higher than previous estimates from coarse-resolutionmanual chamber sam-
pling, presumably because it better captured high efﬂux events. This ﬁnding demonstrates how differences in
measurement method and frequency can impact interpretations of seasonal and annual soil carbon budgets.
We conclude that annual CO2 efﬂux-measurements using FD chamber networks would be an effective means
for quantifying growing and non-growing season soil carbon budgets, with optimal pairing with time-lapse im-
agery for tracking local and regional changes in environment and climate in a warming Arctic.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).Keywords:
Soil CO2 efﬂux
Forced Diffusion (FD) chamber system
Temperature
Thaw depth
Annual soil carbon budget
Alaska1. Introduction
Northern High Latitudes are currently experiencing climate and
environment changes including increasing temperatures, degradingrch Center (IARC), University of
@kopri.re.kr (B.-Y. Lee).
. This is an open access article underpermafrost, changing snow cover extent, northward movement of
shrub communities, and extended vegetative growing seasons (Sturm
et al., 2001; ACIA, 2004; AMAP, 2011; Bhatt et al., 2013; Lawrence et
al., 2015; Natali et al., 2015). For example, recent summer warming in
Arctic Alaska has accelerated. The mean annual air temperature of
Nome, western Alaska has increased by 0.73 °C over the last century
(NationalWeather Service, NOAA), and 0.3–0.4 °C of this change has oc-
curred during the past few decades (Chapin et al., 2005). Annual precip-
itation in Nome has also decreased by 14%, and snow depth hasthe CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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late to warmer soil temperatures via the insulating snow layer.
These changes inﬂuence the high-latitude terrestrial carbon cycle,
via changes in vegetation productivity (Euskirchen et al., 2006; Barr et
al., 2007) and decomposition of soil organic matter (Piao et al., 2007;
Wu et al., 2012). Soil CO2 efﬂux, produced through the decomposition
of soil organic carbon and roots, signiﬁes the second largest terrestrial
carbon source on both time and space scales (Raich and Schlesinger,
1992; Schlesinger and Andrews, 2000). Of the changes documented in
the Arctic, the increase in temperature is most important, as it drives
positive feedbacks on regional and pan-Arctic scales (Chapin et al.,
2000; ACIA, 2005; Chapin et al., 2005). Soil carbon dynamics in tundra
and boreal forest ecosystems exhibit strong temperature dependence,
and is characterized by Q10 value, which describes the increase in respi-
ratory rate with a given 10 °C temperature change (Xu and Qi, 2001;
Davidson and Janssens, 2006; Bond-Lamberty and Thomson, 2010;
Mahecha et al., 2010; Kim et al., 2013, 2014a; Kim, 2014). Bond-
Lamberty and Thomson (2010) estimated the global soil respiration
rate at 98 ± 12 GtC (1 GtC = 1015 gC), indicating an increase of
0.1 GtC year−1 over two decades. This rate of increase suggests a CO2
emission response factor of 1.5 compared to air temperature, which is
consistent with enhanced soil CO2 emission response to a warming
global climate.
In Alaska, soil temperature regulates seasonal variations in soil CO2
efﬂux, and soil moisture has also been found to affect the inter-annual
variation in soil CO2 emission in a study of two growing seasons byFig. 1. Temporal variations in CO2 efﬂuxes at 30-min (diamonds) and 10-min (averaged half-ho
There is no difference (small circles) between the 30-min interval and mean 30-min at a 10-
conﬁdence level (p b 0.001).Kim et al. (2014a). In that study, emissions during thewet growing sea-
son had been suppressed by 27% compared to the dry summer season,
due to higher soil moisture from severe rain (Dunn et al., 2006; Kim et
al., 2014a).
The interpreted rates of soil CO2 efﬂux are affected, of course, by the
spatiotemporal intensity of monitoring, and also by differences in mea-
surement methodology. For example, methodological factors such as
chamber size (e.g., active cross-section), measurement frequency (e.g.,
hourly, weekly, seasonal, and annual), and efﬂux-measuring system
type (e.g., manual or automated chamber) may each affect emissions
accounting (Davidson et al., 2002; Savage andDavidson, 2003). Normal-
ly, different methodologies are used for different purposes, and manual
chamber systems are traditionally used to capture spatial heterogeneity,
while automated chamber systems offer much improved measurement
frequency during snow-free periods (Davidson et al., 2002; Savage and
Davidson, 2003). The impact of temporal sampling frequency is partic-
ularly important in studies seeking to account for emissions across the
year. Darenova et al. (2014) compared manual and continuous mea-
surements of soil CO2 efﬂux, and found that interpreted Q10 values
were signiﬁcantly different between datasets because of the difference
in measurement frequency. They were able to demonstrate that total
seasonal carbon emission simulated by continuous soil temperatures
differed by as much as 7.2% from continuously measured data. Annual
and/or seasonal soil carbon emissions have been estimated in several
studies on the basis of manual measurements over periods as short as
some days, and up to many months (Davidson et al., 1998; Epron eturly) (grey circles) measurement intervals in (a) tussock and (b) lichen over ﬁfteen days.
min interval, suggesting no signiﬁcant difference based on a one-way ANOVA at the 95%
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val from which the extrapolations are made will be increasingly biased
when duration is limited. For soil CO2 efﬂuxmeasurements, it is not un-
common to extrapolate to 24 hours, and then interpolate betweenmea-
surement days (Savage and Davidson, 2003; Parkin and Kaspar, 2004;
Savage et al., 2008). This will result in a bias of apparent emission to-
ward whatever time of day the measurements are taken. As is well
known, soil CO2 efﬂux changes during diel cycles might be as high as
the changes seen even over week timescales (Flanagan and Johnson,
2005). Overall, the degree to which measured ﬂuxes are representative
of reality depends on temporal frequency and spatial coverage. For both,
higher is generally better, but monitoring at high latitudes is generally
limited by weather and the availability of power, making it hard to
achieve the desired level of spatiotemporal coverage.
The Forced Diffusion (FD) CO2 efﬂux measurement technique was
ﬁrst developed for work in the boreal forest and Antarctica (Risk et al.,
2011, 2013; Lavoie et al., 2012). This initial measurement technique
has applicability to Arctic studies, for continuously monitoring soil CO2
efﬂux measurements in tundra ecosystems underlain by permafrost.
This study focused on the dynamics of soil carbon accounting near
Council, on the Seward Peninsula of western Alaska, during the growing
season of 2015. The objectives of this study were to 1) analyze environ-
mental parameters in determining soil CO2 efﬂux, 2) assess the level of
agreement betweenmanual chambers and FD soil CO2 efﬂux chambers,
when both measurements are extrapolated across the growing season,
and lastly to 3) estimate simulated annual soil CO2 efﬂux based on ob-
served air temperature.Fig. 2. Responses of soil temperature at 5-cmdepth of sphagnum (grey solid circle), lichen
(grey square), tussock (grey triangle), and air temperature at 2.0 m (open circle) to air
temperature at 0.5 m at the site during the growing season of 2015. This suggests air
temperature at 0.5 m is analogous to 2.0 m (R2 = 0.94), and to soil temperature at 5 cm
depth at sphagnum (R2 = 0.73) and lichen (R2 = 0.85). On the other hand, air
temperature at 0.5 m is not well correlated with soil temperature 5 cm at tussock
tundra (R2 = 0.24). Dashed line denotes 1:1 line.2. Materials and methods
2.1. Experimental site
The experimental study site is located within the tundra ecosystem
near Council (64°51′38.3″ N; 163°42′39.7″W; 45 m.a.s.l.), on the Sew-
ard Peninsula of Alaska, about 114 km northeast of Nome (Kim et al.,
2014a). This site was selected for its relatively smooth transition from
forest to tundra, and its underlying discontinuous permafrost regime.
The annual average air temperature is −3.1 °C, as recorded at the
Nome airport from 1949 to 2012. Temperatures ranged from−14.8 °C
in January to 10.7 °C in July, and annual precipitation was 401 mm, in-
cluding snowfall of 157 cm (Western Regional Climate Center). During
the growing season (June to September) of 2015, average ambient tem-
perature and precipitationwere 9.5±4.9 °C (CV, coefﬁcient of variance:
51%), and 156.8 mm. The precipitation in July–August alone was
128mm, corresponding to 82% of the entire summer. These recent con-
ditions contrast with averages for the past 64 years, when summer tem-
perature and precipitation was 8.7 ± 2.2 °C (CV: 25%) and 224.5 mm,
respectively—or cooler, less variable, and much wetter. Hence, recent
trends point toward hotter and drier weather than in past decades.
These sites can only be accessed from May to early October, as the
road leading inland fromNome is closedduring thewinter by theAlaska
Department of Transportation.
Based on the observations of CO2 efﬂux and environmental factors in
three dominantly understory plants such as lichen, sphagnum moss,
and tussock tundra microsites within a 40m× 40m plot (5-m interval;
81 points), we chose three representativemicrosites formonitoring CO2
efﬂuxwith the FD chamber system (Risk et al., 2011, 2013; Lavoie et al.,
2012). Within the 81-point area, dominantly understory plants were
caribou lichen (Cladonia mitis, Cladonia crispata, and Cladonia stellaris);
moss, such as sphagnum (Sphagnum magellanicum, Sphagnum
angustifolium, and Sphagnum fuscum) and others (Polytricum spp.,
Thuidium abietinum, and Calliergon spp.); and cotton grass tussock tun-
dra (Eriophorum vaginatum). Understory lichen, sphagnum moss, and
tussock tundra occupied fractions of 27, 53, and 20% of the plot,
respectively.2.2. Forced Diffusion (FD) chamber
The FD soil CO2 efﬂux autochamber (Eosense, Canada) is a soil CO2
monitoring instrument conceptually similar to a dynamic chamber.
The FD housing contains a single high accuracy CO2 sensor, an internal
data-logger, two valves, and a small diaphragm pump that operates
only for short durations to bring air to the sensor. Otherwise, the dy-
namic CO2 ﬂow is regulated entirelywithout power (unlike a traditional
dynamic chamber system), using waterproof breathable membranes of
speciﬁc size and diffusivity. To perform ﬂux measurements, the instru-
ment takes the difference of CO2 concentrations measured in two sepa-
rate cavities, both of which are machined into a single high-density
acetal housing. All ﬂux solving is done internally based onmanufacturer
calibrations. These variants differ from the original Risk et al. (2011) sys-
tem, by virtue of a single integrated housing (rather than two) and a sin-
gle sensor (rather than two), to better measure the difference between
cavity concentrationswithout appreciable sensitivity to long-term drift.
The FD chamber can sample soil CO2 ﬂux at intervals from 5 min to
1440min; we speciﬁed 30-min frequency for this study. Each FD cham-
ber instrument consumes only 1.6 watts per hour at the highest mea-
surement frequency. We powered our FD instruments with a cold-
resistant external 12-V battery, a solar power charge converter, and a
140-W solar panel (KD140GX-LFBS, Kyocera Solar Inc., Japan). A stan-
dard 5-m power and data cable (SSC) plugs directly into the twelve-
pin socket on the FD housing. Before deploying the FD chamber, the
chamber was placed into a previously installed soil collar (7.5-cm ID;
9.0-cm OD; 5-cm length). For best results, we chose a ﬂat soil surface
clear of obstructions for inserting the chamber. Using an attached
mounting ring and legs, the FD chamber was pegged and ﬁxed to the
soil surface. FD chambers were deployed on June 25, 2015 at the repre-
sentative lichen, sphagnum moss, and tussock microsites.
We tested the difference in sampling rate between 30-min and 10-
min interval (with 30-min averages). Soil CO2 efﬂuxes at 30-min inter-
val and for mean 30-min at 10-min interval were 1.46 ± 0.44 and
1.45 ± 0.44 μmol m2 s−1 for tussock, and 0.85 ± 0.21 and 0.85 ±
0.20 μmolm2 s−1 in lichen, respectively, from DOY 175 to 190, showing
no signiﬁcant difference, based on a one-way ANOVA at the 95% conﬁ-
dence level (p b 0.001) (Fig. 1). As a result, we chose the 30-min
Fig. 3. Two peaks of mean daily soil moisture (SM) just after snow melting found at 2 cm (dotted black line) and 5 cm (dotted grey line) depths on May 10 and 15, 2016 in parallel to
increase of soil temperature (ST) at 2 cm (solid line) and 5 cm (grey line) depths below the soil surface.
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power usage at a minimum.
2.3. Measurement of environmental parameters
Temperaturewasmonitored at 0.5m above soil surface, and at 2 and
5 cm below the surface using a logger with two probes (logger: U12-
006; probe: TMC6-HD, Onset Computer, USA). Soil temperature at
depths of 2 and 5 cm below the soil surface was measured within the
sphagnum moss species, and soil temperature at a depth of 5 cm was
monitored in lichen and tussock tundra communities. Air temperature
at 0.5 and 2.0 m above the surface was also measured at the sites (Fig.
2). Soil moisture at 2 and 5 cm below the surface was measured with
a logger (H21-002, Onsetcomp, USA) and sensor (SMD-M005
Onsetcomp, USA) in parallel to soil temperature, as shown in Fig. 3.
Thaw depth was measured with a ﬁberglass tile probe (1.5 m long) in
June, July, August, and September. A year-round time-lapse camera
(GardenWatchCams, Brinno Inc., Taiwan) recorded at four-hour inter-
vals, to help track snow depth and variations in understory phenology.
2.4. Simulated soil CO2 efﬂux
Using data collected with the FD autochamber, we established the
temperature sensitivity of soil CO2 efﬂux by plotting its exponential re-
lationship with air temperature, and with soil temperature at depths of
2 and 5 cm, by using the following equation:
SR ¼ β0 eβ1T ; ð1Þ
where SR is the measured soil CO2 efﬂux (μmol m2 s−1), T is tempera-
ture (°C), and β0 and β1 are constants. This exponential relationship
is commonly used to represent soil carbon ﬂux as a function of
temperature (Davidson et al., 1998; Davidson and Janssens, 2006;
Gaumont-Guay et al., 2006; Lavigne et al., 1997; Rayment and Jarvis,Fig. 4. Temporal variations inmeasured soil CO2 efﬂux by forced diffusion (FD) chamber system
to September 22, 2015. The grey thick line denotes mean and its 95% conﬁdence level.2000; Xu andQi, 2001; Zhou et al., 2009; Kim et al., 2014b). Q10 temper-
ature coefﬁcient values were calculated as in Davidson et al. (1998),
Davidson and Janssens (2006), and Kim et al. (2014a, 2014b):
Q10 ¼ eβ110; ð2Þ
whereQ10 is the change in reaction rate at intervals of 10 °C and is based
on the Van't Hoff empirical rule that a rate increase on the order of two
to three times occurs for every 10 °C rise in temperature (Lloyd and
Taylor, 1994).
A reference value of R10 (i.e., soil CO2 efﬂux normalized to air tem-
perature of 10 °C) was then calculated as:
R10 ¼ Ri  Q10 10−Tð Þ=10½ ; ð3Þ
where Ri is the simulated soil CO2 efﬂux (μmol m2 s−1) at T tempera-
tures in air (°C). Using the calculated values of Q10 and R10, soil CO2 ef-
ﬂux was simulated on the basis of the measured air temperature.
Simulated soil CO2 efﬂux values, Ri (μmol m2 s−1), were calculated as:
Ri ¼ R10  Q10 T−10ð Þ=10½ : ð4Þ
The parameters of the nonrectangular hyperbola function were de-
termined daily, using a ﬁfteen-day moving window and the least-
squares method. Soil CO2 efﬂux (SR) was estimated using the following
two models (Ueyama et al., 2014):
SR ¼ R0  Q10 Ta=10ð Þ; ð5Þ
SR ¼ Rref 
E0
Rgas
1
Tk þ Tref−T0
−
1
Tk þ Ta−T0
  
; ð6Þ
where Ta is the air temperature at 2m, Ro represents soil CO2 efﬂux at
0 °C, and Q10 is the temperature sensitivity coefﬁcient of soil CO2at three sphagnummoss, lichen, and tussock tundra communities of Council, from June 24
Table 1
Meanhourly rate (standarddeviation), coefﬁcient of variance (%)⁎ for CO2 efﬂux (μmolm−2 s−1), and air temperature (°C), and soil temperature (°C) at depths of 2 and 5 cm in sphagnum,
and 5 cm in lichen, and tussock of tundra ecosystem of Council, Alaska during the growing season.
Month 2015 Sphagnum (μmol m−2 s−1)
Temperature (°C)
Lichen (μmol m−2 s−1)
Temperature (°C)
Tussock (μmol m−2 s−1)
Temperature (°C)
Air Soil 2 cm Soil 5 cm Soil 5 cm Soil 5 cm
June
25 to 30
0.45 (0.23)
52⁎
10.7 (5.0)
47
10.5 (4.5)
43
7.5 (2.0)
27
0.76 (0.17)
23
9.5 (3.2)
34
1.38 (0.36)
26
2.8 (0.6)
20
July
1 to 31
0.53 (0.28)
53
14.6 (5.6)
39
12.9 (4.6)
35
9.6 (2.4)
25
0.93 (0.23)
24
12.7 (3.8)
30
1.22 (0.40)
32
4.4 (1.0)
23
August
1 to 31
0.42 (0.26)
60
10.1 (4.8)
48
9.3 (4.2)
46
7.2 (2.3)
32
0.74 (0.22)
30
9.1 (3.7)
41
0.68 (0.29)
43
4.0 (0.9)
22
September
1 to 22
0.23 (0.20)
88
5.4 (5.3)
99
3.7 (4.2)
113
3.1 (2.5)
81
0.53 (0.24)
45
5.6 (3.9)
69
0.49 (0.28)
59
2.4 (0.9)
39
Total
(n= 2149)
0.41 (0.27)
66
10.6 (6.3)
42
9.3 (5.6)
60
7.1 (3.4)
48
0.76 (0.27)
36
9.9 (4.5)
46
0.87 (0.47)
47
3.8 (1.2)
31
⁎ Denotes the coefﬁcient of variance (%).
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Rgas is the ideal gas constant. Tk, T0, and Tref are 273.15 K, 227.13 K,
and 283.15 K, respectively (Lloyd and Taylor, 1994). We used the
conventional Q10 model to estimate soil CO2 efﬂux, but used the
Lloyd and Taylor model Eq. (6) for uncertainty estimates, as Q10 ex-
hibited clear seasonal variations, whereas E0 showed no discernable
seasonal variation.3. Results and discussion
3.1. Observed environmental parameters
Ambient air temperature at 0.5 and 2.0 m above the surface were
measured at the site, and ranged from less than−30 °C to N20 °C. Dif-
ferences between temperaturesmeasured at these heightswere not sig-
niﬁcant, based on a one-way ANOVA at the 95% conﬁdence level
(p b 0.001). Two peaks for soil moisture just after snowmelt were
found at 2 and 5-cm depths on May 10 and 15, 2016, respectively, sug-
gesting the thawing rate between the twodepthswas 0.5 cmday−1.We
also found the heat transfer rate for soil temperature between 2 and
5-cm depths during soil thaw on May 7 and 11, 2016, respectively,
was 0.6 cm day−1. These values were the same as the soil thawing
rate during the growing season of 2015, indicating thaw depth equal
to 0.495 × DOY− 56.3 (R2= 0.991), based on the thaw depth averaged
at 81 points from June to September. During the growing seasons of
2011 to 2014, themean thawing ratewas 0.438 cmday−1. These chang-
es in snow accumulation and ablation were documented by time-lapse
camera at a four-hour interval from September 17, 2014 to June 20,
2015, as shown in Appendix Fig. A1.Fig. 5. Responses frommean daily soil CO2 efﬂuxes to air temperature (open circles), soil tempe
(b) lichen, and (c) tussock tundra inCouncil during the growing season of 2015. Correlation curv
solid, dotted, and dashed lines, respectively.3.2. Seasonal variation in soil CO2 efﬂux
30-min soil CO2 efﬂuxwasmeasuredwith the FD chamber system at
representative sphagnum moss, lichen, and tussock tundra communi-
ties from June 24 to September 22, 2015 as shown in Fig. 4. Seasonal var-
iations in soil CO2 efﬂuxes at each plant community visually appear to
follow the variations in air temperature (Fig. 4). Mean growing season
soil temperature at 5-cm depth was 7.1 ± 3.4 °C (Coefﬁcient of Vari-
ance, CV: 48%), 9.9 ± 4.5 °C (CV: 46%), and 3.8 ± 1.2 °C (CV: 31%) at
sphagnum, lichen, and tussock plots, respectively. The seasonal varia-
tion in soil temperature at the tussock plot was much lower than for
other species. Also, air temperature was a useful proxy for soil temper-
ature, and showed good linear agreementwith soil temperature at 5-cm
depth at sphagnum and lichen, and for which the correlation coefﬁcient
(R2) is over 0.73 during the growing season of 2015 (Fig. 2). Air temper-
aturewas not aswell correlatedwith soil temperature at tussock tundra
plot (R2= 0.24), whichmay be due tomuch slower heat transfer by the
denser cotton grass community and rougher shape than other species.
Table 1 denotes hourly mean monthly soil CO2 efﬂux, air
temperature, and soil temperature at 2 and 5-cm depths below the
surface at the three understory plants. The ranges for growing season
soil CO2 efﬂux were 0.02–0.76 μmol m2 s−1 at sphagnum moss, 0.23–
1.18 μmol m2 s−1 at lichen, and 0.21–1.94 μmol m2 s−1 at tussock tun-
dra. The mean growing season air temperature was 10.7 ± 4.5 °C at
range of−0.2-19.3 °C.
Mean growing season soil CO2 efﬂux by FD chamberwas 0.41±0.27
(CV:66%), 0.76±0.21(CV:28%), and0.87±0.41 (CV:47%)μmolm2 s−1
1 at sphagnum moss, lichen, and tussock tundra. On the other hand, in
the 2012 study, CO2 efﬂux was somewhat higher at 1.17 ± 0.40 (CV:
34%), 1.54 ± 0.72 (CV: 36%), and 2.20 ± 1.25 (CV: 37%) μmol m2 s−1rature at 2 cm (grey circles), and 5 cm (grey triangles) below the surface at (a) sphagnum,
es for air temperature, soil temperature at 2 cm, and soil temperature at 5 cmare shownby
Table 2
Q10 values and correlation coefﬁcient between CO2 efﬂux and air temperature (°C), and
soil temperature (°C) at depths of 2 and 5 cm in sphagnum, and 5 cm in lichen, and tussock
of tundra ecosystem, Seward Peninsula, Alaska from June 25 to September 22, 2015, based
on a one-way ANOVA with 95% conﬁdence level⁎.
Dominant plants Temperature (°C) b Q10 R2⁎
Sphagnum Air 0.059 1.81 0.54
Soil 2 cm 0.118 3.25 0.63
Soil 5 cm 0.167 5.30 0.63
Lichen Air 0.039 1.48 0.40
Soil 5 cm 0.050 1.64 0.49
Tussock Air 0.087 2.38 0.60
Soil 5 cm 0.189 6.63 0.21
⁎ p b 0.05.
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2012 (Kim et al., 2014a). The higher emissions in 2012 may result
from ﬂux measurements being made by manual chamber only in the
daylight hours—normally in the warm afternoon under sunny weather.
Contrary to theweather conditions for themanual chamber, soil CO2 ef-
ﬂux monitored by FD chamber captured data through the entirety of
diel cycles, and even through poor weather conditions. Hence, although
there is a somewhat higher difference between the FD and manual
chamber methods, the soil CO2 efﬂux according to FD chamber more
likely reﬂects the true diel values. The manual chamber would have
been far more likely to miss critical episodic and process-driven events.
Accordingly, Darenova et al. (2014) found that 1) the time of day of CO2
ﬂuxmeasurement inﬂuenced the estimate of the emitted carbon, and 2)
the lowest bias of amount of emitted carbon from the soil was forFig. 6. Temporal variations in Q10 values using Eq. (6) for (a) air temperature and (b) soil
temperature at 5-cm depth. Thick grey lines denote average and its 95% conﬁdence level.
Q10 values for soil temperature in tussock show a different pattern than the other two
communities, due to a much slower response to air temperature.measurements made between 10 am and 8 pm. These scheduling im-
provements were able to improve the temporal representation of the
manual chamber method in that study. Further, Parkin and Kaspar
(2004) applied a similar re-sampling technique to automated CO2 ﬂux
measurements over a three month deployment, concluding that manu-
al sampling every two days would bias the total emissions estimate by
over 10%, while weekly sampling increases the deviation by up to 30%.
Overall, we were not surprised by the departures in FD-observed ef-
ﬂuxes as compared to manually observed ﬂuxes in a previous year.
We were also not surprised by the higher variance in FD-observed
datasets, as the instrument would have captured the true highs and
lows in soil CO2 efﬂux within each diel period.
3.3. Dependence of soil CO2 efﬂux on temperature and thaw depth
Fig. 5 shows the response of observed soil CO2 efﬂuxes at sphagnum,
lichen, and tussock, to temperatures in air and to soil at 2 and 5-cm
depths. Soil CO2 efﬂux follows the normal exponential relation to tem-
perature as in Eq. (1). However, we did observe a distinct difference in
the response from soil CO2 efﬂux to air and soil temperature, due to
lower seasonal variation in soil temperature within the denser
Eriophorum community. The Q10 values of the three species can be esti-
mated by Eq. (2), as listed in Table 2. Q10 value increaseswith soil depth,
reﬂecting the narrower ranges of soil temperature experienced at those
depths (Mikan et al., 2002; Pavelka et al., 2007; Kim et al., 2014b). Inter-
estingly, the Q10 value for the snow-covering andmelting seasons were
very high relative to other seasons. Recorded values for Q10 have
reached as high as 1.25 × 106 at a subalpine forest within the Colorado
Front Range of the Rocky Mountains (Monson et al., 2006), and
4.2 × 106 in the exposed tussock tundra and cryoturbed soils of tundra
sites (Kim, 2014). These highest Q10 tundra values reﬂected a dramatic
rise in soil CO2 efﬂux as tundra soils warmed from−0.9 to 0.5 °C (Kim,
2014).Monson et al. (2006) and Schmidt et al. (2009) demonstrated the
exponential growth of microbes (e.g., snowmolds and fungi), including
beneath-snow CO2 production as subnivean soils warmed from−3 to
0 °C. Fungi are omnipresent in Subarctic and Arctic soils, where they
function as plant symbionts, parasites, pathogens, and decomposers,
and may inﬂuence the carbon dynamics of terrestrial ecosystems sub-
jected to a changing climate and environment in the warming Arctic
(Timling and Taylor, 2012; Tojo and Newsham, 2012). Considering the
long duration of the snow-covered period at our high latitude monitor-
ing location, aswell as associated CO2 contributions from fungi-infectedFig. 7. Response from soil CO2 efﬂux to thaw depth during the growing season (June–
September) of 2015, reﬂecting that soil CO2 efﬂux tends to decrease with thaw depth at
three understory plants.
Fig. 8. Relationships betweenmean daily measured and simulated soil CO2 efﬂux at (a) sphagnum, (b) lichen, and (c) tussock tundra. Dashed lines indicate a 1:1 line. This suggests a 36%
higher deviation for measured and simulated daily soil CO2 efﬂux at sphagnummoss regime than at lichen and tussock.
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annual carbon emissions at our plots may be substantially larger than
expected, despite the fact we observed growing season ﬂuxes that
were lower than synoptic manual chamber CO2 efﬂux sampling.
Fig. 6 shows ﬁfteen-day moving Q10 values, determined for each of
our study plots using Eq. (6). The thicker grey lines represent the aver-
age and its 95% conﬁdence level at Fig. 6a and b. For Q10's determined
using air temperature records (Fig. 6a), values generally fall from near
3.0 early in the monitoring period to roughly 1.0, and show a similar
trend for all three plots. Fig. 6b shows ﬁfteen-daymovingQ10 values de-
termined using soil temperature records and are somewhat higher,
though there is a distinct difference in behavior at the tussock site. As
mentioned previously, soil temperatures at this tussock site were not
as well coupled to those for air. Since tussock tundra is such a proliﬁc
CO2 source to the atmosphere (Oechel et al., 1997; Kim et al., 2007,
2014a; Kim, 2014) in the Subarctic and Arctic of Alaska, more study is
required to evaluate heat transfer in Eriophorum community and others.
Temperature in tussock tundra is higher than for the inter-tussock re-
gime (e.g., sphagnum and lichen) (see Fig. 9; Kim, 2014). The tempera-
ture difference between the top of the tussock and the inter-tussockwas
shown distinctly during the spring season. This mechanism is thought
to be similar to the ablation effect in boreal forests during the early
spring (Winston et al., 1997; Kim, 2014).
Thaw depth in the active layer can vary substantially over short dis-
tances and time periods, as heat transfer in soils that are subject to
freezing and thawing reﬂects the interaction of a large number of highly
localized factors, including vegetation type, organic layer thickness, soil
thermal properties, soil moisture, microtopography, and the operation
of nonconductive heat-transfer processes (Outcalt et al., 1990;
Hinzman et al., 1998). Thawdepthwasmeasured eighty-one times dur-
ing the growing seasons of 2011–2015. Mean thawing rate was
0.428 cm day−1 during the growing seasons of 2011–2014. But in
2015, the rate was quite a bit higher, at 0.495 cm day−1. This suggests
that thawing in 2015 was 15% faster than over the last four years. This
may be due to much warmer mean monthly air temperatures in April
(−3.9 °C) and May (7.3 °C) of 2015 than those of the last 64 years.Fig. 9. Temporal variations in CO2 efﬂux simulated by Eq. (4) and air temperature fromOctober
melting and observed periods, respectively.The response from mean daily soil CO2 efﬂux (Flux) to thaw depth
(TD) from June to September 2015 is shown in Fig. 7. The correlation
equations are Flux =−0.0088 × TD+ 0.89 (R2 = 0.72) in sphagnum,
Flux = −0.0125 × TD + 1.32 (R2 = 0.67) in lichen, and
Flux =−0.0345 × TD+ 2.70 (R2 = 0.91) for the tussock tundra com-
munity. This implies lower soil CO2 production by soil microbes via de-
creasing soil temperature and increasing soil moisture over time, as
shown in Fig. 3. Hence, temporal variation in thaw depth may act as a
parameter for the estimation of soil carbon emission in the tundra un-
derstory plant community during the growing season. Because other
studies show that soil CO2 emissions have been enhanced by the degra-
dation of permafrost in the Arctic (Lawrence et al., 2015; Natali et al.,
2015), additional work is needed to help quantify the relationship
with thaw under each of the communities measured. Thawing perma-
frost clearly alters hydrology, biology, and biogeochemistry in the Sub-
arctic and Arctic (Hinzman et al., 2005; Schuur et al., 2009; Tarnocai et
al., 2009; Grosse et al., 2011; Lawrence et al., 2015; Natali et al., 2015),
and the resulting changes for soil communities can be complex.
3.4. Evaluation of simulated soil CO2 efﬂux
Based on Q10 relationships, simulated daily soil CO2 efﬂuxes within
sphagnum, lichen, and tussock communities were calculated using Eq.
(4) and in-situ air temperature from October 1, 2014 to September 30,
2015. Of course, our monitoring period began in June 2015, but retro-
spective application of observed Q10 relations allows us to extrapolate
for an annual CO2 emission estimate. This approach also allowed us to
compare our 2015 monitoring data against previously collected mea-
surements at the site using manual chambers. According to measure-
ments by time-lapse camera (Fig. A.1), snow ﬁrst fell on October 23,
2014, and disappeared on May 5, 2015, so the extrapolation period in-
cludes these snow-covered intervals.
Fig. 8 shows the relationship betweenmeasured and simulated daily
soil CO2 efﬂux, suggesting that there is 36% greater deviation between
measured and simulated daily soil CO2 efﬂux under sphagnum moss
cover than at the lichen or tussock plots. This pattern may be due to1, 2014 to September 30, 2015. The arrow and shaded column represent onset of the snow
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tention capacity relative to other understory plants, as shown in Fig. 5.
Temporal variation in simulated daily soil CO2 efﬂux at each community
is shown in Fig. 9. Simulated daily soil CO2 efﬂux in tussock tundra ap-
pears muchmore sensitive than for sphagnum and lichen species. Sim-
ulated mean monthly soil CO2 efﬂux was also computed and is listed in
Table 3, showing the seasonal pattern and including the low rate of CO2
emission that can be expected overwinter during periods of snow cover.
Taking the annual carbon budget along with measurements from
our time-lapse camera, we can establish budgets during snow-covered
and snow-free periods. Mean simulated soil CO2 efﬂux was 11.9, 72.0,
and 34.2 gC m−2 period−1 during the snow-covered period in the
sphagnummoss, lichen, and tussock regimes, respectively, correspond-
ing to 16.2, 36.3, and 20.4% of annual carbon emission. On the other
hand, during the snow-free period, mean simulated soil CO2 efﬂux
was 62.0, 126.3, and 133.5 gC m−2 period−1 in sphagnummoss, lichen
and tussock, respectively, corresponding to 83.8, 63.7, and 79.6% of an-
nual carbon emission. Overall, 24.3% of soil CO2 efﬂuxwas likely emitted
during the snow-covered period, with the rest during the snow-free
season. Other studies have shown similar patterns, and that for season-
ally snow-covered periods, winter contributions to CO2 emission has
accounted for 10–30% of the variability in annual CO2 budget in tundra
(Oechel et al., 1997; Fahnestock et al., 1999; Björkman et al., 2010; Kim
et al., 2013), alpine and subalpine forests (Brooks et al., 1996;Mast et al.,
1998;Monson et al., 2006), andboreal forests (Winston et al., 1997; Kim
et al., 2007, 2013; Kim, 2014).
Kim et al. (2014a) demonstrated that obvious changes in soil mois-
ture during the growing seasons of 2011 and 2012 resulted in an explicit
difference between soil CO2 efﬂuxes, from both observed data by man-
ual chamber and the posterior medians of a hierarchical Bayesian (HB)
model, of 0.32 and 0.23 MgC period−1 within a 40 × 40 m plot for the
growing seasons of 2011 and 2012, respectively. The growing season
soil CO2 emission simulated in this studywas0.17±0.06MgCperiod−1,
suggesting the deviation between the manual chamber and continuous
measurement by FD chamber methods was as high as 47%. This may be
due to the difference in measuring method and frequency under sunny
sky (manual) rather than continuous (FD). The addedmeasurement fre-
quency possible with FD could cause some re-evaluation of interpreted
annual carbon budgets, andwould aid in applying terrestrial ecosystem
models to high time-resolution data, such as land surface models.
Therefore, continuous monitoring of soil CO2 efﬂux with FD chambers
opens up new areas of opportunity and understanding. As warming
stimulates the degradation of Subarctic and Arctic permafrost, we ex-
pect large amounts of ancient soil carbon to become available formicro-
bial decay (Tarnocai et al., 2009; Grosse et al., 2011), as well as new
ecological and biogeochemical regimes (Walter et al., 2008; Schuur etTable 3
Mean (standard deviation) monthly CO2 efﬂux simulated by Eq. (4) in representative un-
derstory sphagnummoss, lichen, and tussock tundra in Council, Seward Peninsula, Alaska
from October 2014 to September 2015.
Month year
Simulated CO2 efﬂux (μmol m−2 s−1)
Air temperature (°C)Sphagnum Lichen Tussock
Oct-14 0.10 (0.04) 0.46 (0.06) 0.27 (0.08) −2.4 (3.3)
Nov-14 0.08 (0.04) 0.41 (0.09) 0.22 (0.10) −5.6 (6.2)
Dec-14 0.05 (0.03) 0.33 (0.09) 0.14 (0.08) −11.2 (7.0)
Jan-15 0.04 (0.03) 0.31 (0.11) 0.13 (0.09) −13.8 (9.4)
Feb-15 0.05 (0.04) 0.35 (0.10) 0.16 (0.10) −10.3 (7.6)
Mar-15 0.03 (0.02) 0.29 (0.06) 0.10 (0.05) −14.5 (6.2)
Apr-15 0.08 (0.05) 0.42 (0.11) 0.23 (0.12) −5.4 (6.9)
May-15 0.29 (0.15) 0.68 (0.11) 0.65 (0.27) 7.6 (4.0)
Jun-15 0.48 (0.31) 0.80 (0.19) 0.98 (0.53) 11.7 (5.7)
Jul-15 0.56 (0.15) 0.88 (0.10) 1.13 (0.26) 14.5 (3.0)
Aug-15 0.36 (0.09) 0.75 (0.07) 0.79 (0.16) 10.3 (2.5)
Sep-15 0.21 (0.09) 0.60 (0.09) 0.50 (0.18) 4.7 (3.8)
Annual 0.20 (0.21) 0.52 (0.23) 0.44 (0.40) −1.2 (11.6)al., 2009; Zona et al., 2009; Sachs et al., 2010; Lawrence et al., 2015;
Natali et al., 2015) across the landscape. Year-round soil CO2 efﬂux-
measurements will be required to track concomitant changes in carbon
storage during this important time of transition.4. Conclusions
Soil CO2 efﬂux measurement is an important component for esti-
mating annual carbon budgets in response to changes in increasing air
temperature, thawing permafrost, northward extending shrub commu-
nity, and snow covered extent in the changing environment and climate
of the Subarctic and Arctic. Here, continuous monitoring of soil CO2
efﬂux using a Forced Diffusion (FD) chamber system was deployed at
representative sphagnum moss, lichen, and tussock communities in
western Alaska during the growing season of 2015.
Temperature was a signiﬁcant driver in determining soil CO2 efﬂux
at three communities; however, the response from soil CO2 efﬂux to
soil temperature at tussock tundra was weak, due to much slower
heat transfer by the higher density and rougher shape of the cotton
grass community compared to other species. Nevertheless, tussock tun-
dra is a signiﬁcant source in contributing to atmospheric carbon in the
Subarctic and Arctic terrestrial ecosystems (Oechel et al., 1997; Kim et
al., 2007, 2013, 2014a; Kim, 2014) due to the wide-range distribution
of tussock tundra in Northern High Latitudes (6.5 × 1012 m2; Whalen
and Reeburgh, 1998). Thaw depth was also a signiﬁcant parameter in
inﬂuencing soil CO2 efﬂux, suggesting that increasing thaw depth with
time is constrained to stimulating emissions due to increasing soil
water content and decreasing soil temperature during the growing
season.
Based on a model of soil CO2 emission over the year, we estimated
that snow-covered and snow-free environments contribute 24.3% and
75.7% of annual carbon emissions at our study sites, respectively.
These values are similar to estimates from other studies (Oechel et al.,
1997; Fahnestock et al., 1999; Kim et al., 2013).We did note that annual
emissions estimates were sensitive to the measurement methodology
used, and that continuous data at sub-diel frequency were superior to
manual synoptic measurements, as they captured total variance during
diel cycles. There are few Arctic and Subarctic studies of soil CO2 efﬂux,
and even fewer that extend into the non-growing seasonwhen produc-
tion of CO2 may still be signiﬁcant. Yearly monitoring of soil CO2 efﬂux
using instruments like FD is needed at more locations in the Arctic
and Subarctic, to quantify the soil carbon budget in response to locally
and regionally changing climates, and to integrate/synthesize with sim-
ulations from land surface models.
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.scitotenv.2016.05.052.Acknowledgements
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